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INTRODUCTION 38
Most biodiversity experiments in grassland ecosystems report increased aboveground biomass 39 production with increasing plant species richness (e.g. Tilman Previous studies focusing on detailed measurement of biomass production in temperate 57 grasslands found that 24-87 % of net primary production can be allocated to belowground plant 58 organs (Sims and Singh 1978, Stanton 1988 ). In addition to their contribution to net primary 59 production, belowground organs are an important source for organic carbon input into the soil, 60 and thus, for the regulation of heterotrophic soil organisms and soil carbon sequestration. 61 Therefore, it is important to include measurements of belowground biomass production in plant 62 biodiversity experiments to be able to assess the diversity-productivity relationship, and to 63 improve understanding of the mechanisms by which plant biodiversity affects abiotic and biotic 64 soil factors. 65
Studies on the effect of plant biodiversity on belowground productivity have shown 66 contrasting results. In some studies, belowground biomass increased with increasing species 67 richness (Tilman et belowground productivity was estimated from measurements of the stock of living and dead 74 belowground biomass in soil cores sampled once or several times per year. However, the stock 75 of living and dead belowground biomass is dependent on belowground biomass production, as 76 well as on longevity and turnover of belowground organs. Root longevity and turnover may 77 substantially vary among species and grassland communities (Gill and Jackson 2000), and are 78 also affected by abiotic and biotic soil factors (Eissenstatt et al. 2000) . Therefore, data on the 79 stock of root biomass give only a rough estimate of belowground biomass production. 80
Another possible reason for the contrasting results and the differences in biodiversity effects 81 on above-and belowground productivity is that biomass partitioning between roots and shoots 82 may change with species richness. Biomass partitioning between roots and shoots has been 83
shown to depend on a number of exogenous factors such as light intensity, soil moisture, mineral 84 nutrient availability and on endogenous factors such as plant developmental stage and genotype 85 (e.g., Wilson 1988 In this study the effect of species richness on the annual production of above-and 99 belowground biomass in grassland was measured in a biodiversity experiment characterized by 100 an orthogonal design for the presence and absence of four functional groups and large plot sizes 101 (-Jena Experiment-in Germany, Roscher et al. 2004 ). We used the most detailed measurements 102 of annual belowground biomass production so far to address the following hypothesis: 103 belowground productivity is not influenced by species richness in spite of a positive relationship 104 between species richness and aboveground productivity. This hypothesis is based on the 105 assumption that in species-rich communities the availability of soil resources to plants is 106 increased due to niche complementarity, thus leading to lower biomass partitioning to 107 belowground organs. 108
MATERIALS AND METHODS 110

Study site 111
The field experiment was located on the floodplain of the river Saale in Jena (Thuringia,  112 Germany, 51°N, 11°E, 135 m a.s.l.). Mean annual air temperature was 9.3 °C, and average 113 annual precipitation was 587 mm. The soil of the experimental site was an Eutric Fluvisol 114 (FAO-Unesco 1997) developed from up to 2-m thick loamy fluvial sediments that were almost 115 free of stones. The experimental site was 100-400 m away from the river. Close to the river, the 116 topsoil consisted of sandy loam, gradually changing into a silt loam with increasing distance 117 from the river. The seasonal depth of water table varied during the experimental period from 0.7 118 m to 2.6 m below surface in (Kreutziger 2006). The site was converted from grassland into 119 arable land in the early 1960s and was used as an arable field for the last 40 years prior to the 120 experiment. Further details of the field site are provided in Roscher et al. (2004) . 121
122
Experimental design 123
In the Jena Experiment, plant species richness (1, 2, 4, 8, 16 plant species) and plant 124 functional diversity (1, 2, 3, 4 plant functional groups) of experimental grassland stands were 125 varied in a factorial design (Table 1) . Sixty plant species were selected from semi-natural 126 species-rich mesophilic grassland common in the regional grassland vegetation. Species were 127 classified into four plant functional groups based on multivariate analysis of 17 traits (Roscher et 128 al. 2004 ). Two of these functional groups coincided with the well-known functional groups 129 grasses and legumes, the other two could be referred to as small herbs and tall herbs. Species 130 from each functional group were randomly selected to compose monocultures and mixtures 131 according to the factorial design (Table 1 ). All experimental communities were established in 132
May 2002 by sowing seeds to obtain 1000 seedlings m -2 , distributed equally among the species 133 within a community. Plot size was 20 x 20 m. All 60 species sown in the experimental 134 communities were also planted in monoculture on 3.5 x 3.5 m plots. To maintain designed 135 species compositions and richness levels as far as possible all plots were weeded regularly. The 136 plots were mown twice per year (June and September) and the cut biomass was removed 137 (Roscher et al. 2004) . 138
139
Data collection 140
In principle, there are two direct methods for estimation of the annual belowground biomass 141 production (roots and rhizomes, collectively referred to as roots in the following), (i) 142 measurement of the change of root biomass and necromass during the growing season by 143 sequential coring or (ii) measurement of root in-growth into root free soil zones. In this study the 144 in-growth core technique was used since this method allows assessment of root production when 145 standing root biomass is in equilibrium (i.e. no net change of root biomass and necromass). 146
Furthermore, this method avoids the problem sorting live and dead roots. Since conditions in in-147 growth cores differ from those in undisturbed soil (e.g. rooting density), it is important to note 148 that the in-growth core method may over-or underestimate actual root production. However, it is 149 assumed that over-or underestimation is similar in all experimental stands. Annual belowground 150 biomass production for all plots (Table 1) withdrawal of the in-growth cores, the holes were re-filled with root-free soil, and the in-growth 157 cores were sampled again in July 2004. For the extraction of roots from the in-growth cores, the 158 cores were cut with scissors until root fragments were less than 1 cm in length. Then the soil was 159 carefully mixed and weighed before taking a subsample of 50 g. The soil was removed from the 160 roots by rinsing over a sieve with 0.5 mm mesh width. Then, organic debris and remaining soil 161 particles were removed. The remaining root biomass was dried at 70 °C and weighed. Separation 162 of roots into plant species using morphological criteria was not possible. Therefore measured 163 annual belowground biomass production represents roots formed by the target plant species 164 community but also by accidental weeds which were not immediately removed by weeding 165
campaigns. 166
Annual aboveground biomass production for all plots (Table 1) Sampled aboveground plant material was sorted into biomass of each sown target species and 171 dead plant material before drying at 70 °C and weighing. In addition, annual aboveground 172 biomass production of non target species (weeds) was determined separately. For comparability 173 with measured belowground biomass production, aboveground biomass production included 174 weeds as well as target species. According to this calculation, on average 92 % of the reported 175 annual aboveground biomass production was formed by the target species in the communities.
Data analysis 178
To assess the effect of plant functional group identity on annual biomass production and 179 biomass partitioning between belowground and aboveground organs (termed R/S-ratio), we first 180 tested whether a priori defined plant functional groups (legumes, grasses, tall herbs, small herbs) 181 differed in the annual production of total, aboveground and belowground biomass or in the R/S-182 ratio when grown in monocultures. Differences between plant functional groups were tested with 183 a one-way ANOVA and the Tukey test. Second, we tested the effect of the presence/absence of 184 each plant functional group on the annual biomass production and R/S-ratio in all experimental 185 communities of the Jena Experiment (see below for statistical method). 186
To assess the effect of plant species richness and plant functional group richness on annual 187 biomass production and the R/S-ratio, we used general linear models. Since plant species 188 richness and plant functional group richness were not fully orthogonal, sequential sum of squares 189 were used (Schmid et al. 2002) 
Effect of plant functional group identity on annual biomass production and R/S-ratio in 218
monocultures 219
In the monocultures, total annual biomass production tended to be higher for legumes and 220 grasses compared to small herbs ( Table 2 ). The contribution of aboveground and belowground 221 organs to total annual biomass production was significantly affected by plant functional group. 222
Legumes had the highest annual aboveground biomass production but the lowest annual 223 belowground biomass production among the four plant functional groups. For legumes, 224 belowground biomass production was less than 50% of aboveground biomass production, 225 whereas for the other plant functional groups belowground biomass production was similar or 226 slightly higher than aboveground biomass production. Consequently, the ratio of annual 227 belowground production to annual aboveground production (R/S-ratio) of legumes was less than 228 half than that of grasses, tall herbs and small herbs. 229
230
Effect of plant species richness on annual biomass production and R/S-ratio 231
The annual total biomass production varied between 582 and 2321 g m -2 y -1 (Fig. 1a) . The 232 annual aboveground biomass production varied between 337 and 1610 g m -2 y -1 (Fig. 1b) . The 233 maximum total biomass and aboveground biomass that was produced annually in each level of 234 sown species diversity by specific plant communities was very similar among all levels of 235 diversity. However, on average of all plant communities, annual total biomass and aboveground 236 biomass production significantly increased with increasing species richness (Fig. 1a, b) , 237 regardless whether species richness in the ANOVA was fitted prior to or after plant functional 238 group richness (Table 3) . Plant functional group richness had a significant positive effect on 239 annual total biomass and aboveground biomass production when fitted prior to species richness 240 but not when fitted after species richness (Table 3 ). The annual total biomass production and 241 aboveground biomass production were decreased by the presence of small herbs, whereas the 242 presence of legumes increased annual aboveground biomass production (Table 3, 
model 3). 243
The annual belowground biomass production in 0-0.3 m soil depth varied between 168 and 244 -1 . Annual belowground biomass production was not affected by sown species 245 richness and plant functional group richness (Fig. 1c, Table 3 ). The presence of legumes in the 246 plant communities negatively affected belowground biomass production, whereas grasses had a 247 positive effect on annual belowground biomass production (Table 3 , model 3). The contribution 248 of annual belowground biomass production to annual total biomass production varied between 249 10 and 77 %. On average, 44 % of annual total biomass production was below ground for all 250 communities. The R/S ratio was negatively affected by plant species richness (Fig. 1d) and plant 251 functional group richness when these model terms were fitted first (Table 3 ). The negative 252 relationship between sown species richness and the R/S ratio was due to significant decreases in 253 mixtures in comparison to monocultures, whereas R/S ratios did not significantly differ among 254 the mixtures containing 2, 4, 8 or 16 species (F 1,51 = 0.61; P = 0.438). The presence of legumes in 255 the plant communities decreased the R/S-ratio, whereas the presence of grasses increased the 256 R/S-ratio (Table 3, 
model 3). 257 258
Test for possible mechanisms leading to reduced R/S ratios in mixtures 259
The expected R/S ratio in mixtures was not significantly lower than the average R/S ratio in 260 monocultures (Table 4 , P = 0.527, t-Test), indicating that mixtures were not dominated by 261 species with inherently low R/S ratios. The measured R/S ratio in mixtures was significantly 262 lower than the expected R/S ratio (Table 4 ). This indicates that in mixtures the biomass 263 partitioning to roots relative to biomass partitioning to shoots was reduced. 264
The R/S ratio of legumes grown in monocultures was significantly lower than that of other 265 plant functional groups (Table 2) . Accordingly, the expected R/S ratios were lower in mixtures 266 containing legumes than in mixtures without legumes (Table 4) . However, in mixtures 267 containing legumes, and in mixtures without legumes, the measured R/S ratios were lower than 268 the R/S ratios expected from the monoculture performance. This shows that species interactions 269 leading to reduced biomass partitioning to belowground organs in 0-0.3 m soil depth can not 270 only be explained with legume effects leading to additional nitrogen supply to non-legumes. 271
272
Correlation between aboveground overyielding and reduction of R/S ratios 273
The RYT of the mixtures varied from 0.4 to 2.7 (Fig. 2) , showing that in some species 274 mixtures aboveground biomass production was lower (RYT < 1, -underyielding‖) and in some 275 mixtures it was higher (RYT > 1, -overyielding‖) than the sum of expected relative aboveground 276 yields of the component species. However, on average, the RYT was significantly larger than 1 277
(1.31 ± se 0.07; P<0.01). The quotient of measured/expected R/S ratio in mixtures varied 278 between 0.3 and 2.0, showing that in some species mixtures the biomass partitioning to 279 belowground organs (0-0.3 m soil depth) was lower and in some mixtures it was higher than 280
expected. There was a significant negative correlation between RYT and the quotient of 281 measured/expected R/S ratio (r s = -0.492; P < 0.01). To avoid problems with spurious 282 correlations between the two variables which both involved the same aboveground biomass 283 production data as component variable (mean of the four sample areas in which aboveground 284 biomass was harvested), RYT and the quotient of measured/expected R/S ratio were also 285 calculated from independent data sets (mean of two sample areas for the calculation of RYT, and 286 mean of two other sample areas for the calculation of measured/expected R/S ratio). However, 287 the correlation remained significant (r s = -0.308; P < 0.05). This indicates that with increased 288 aboveground overyielding biomass partitioning to belowground organs (0-0.3 m soil depth) was 289 continually reduced in comparison with monocultures. 290
Effect of plant functional group identity on biomass production 293
Under the environmental conditions of the Jena Experiment, both, biomass production, and 294 biomass partitioning between belowground and aboveground organs differed among plant 295 functional groups (Table 2 ). In monocultures, total biomass production was lowest for small 296 herbs. In accordance with the low productivity of small herbs in monocultures, the presence of 297 small herbs decreased total productivity and aboveground productivity of plant communities 298 (Table 3) . Even if the monocultures were excluded from the analysis, and only mixed plant 299 communities are regarded, total productivity decreased with increasing proportion of small herbs 300 in aboveground biomass production (r = -0.54; P < 0.001). Little is known about plant traits 301 relevant to productivity which are common to this functional group except low canopy height 302 Legumes had the highest annual aboveground productivity (Table 2) , whereas total 313 productivity of legumes was not significantly higher than that of grasses, small and tall herbs. biomass was negatively correlated with belowground productivity (r = -0.47; P < 0.001) and 330 R/S-ratio (r = -0.62; P < 0.001). This shows that also the high biomass partitioning to 331 aboveground organs is contributing to the positive effect of legumes on aboveground 332 productivity. This indicates that the role of legumes for total productivity is overestimated from 333 measurements of aboveground productivity only. 334
335
Effect of plant species richness on annual biomass production 336
In this study, we observed that annual aboveground and total biomass production significantly 337 increased with species richness (Fig. 1 a, b) and plant functional group richness (Table 3) (Table 2) , and correlations between the 348 proportions of specific functional groups in mixed plant communities and biomass production of 349 these communities suggest that in the environmental context of the Jena Experiment the 350 differences in total and/or aboveground productivity within levels of species diversity can be 351 attributed at least in part to the proportion of legumes and small herbs. 352
In contrast to aboveground and total biomass production, belowground biomass production in Our data suggest that the differential effect of plant diversity on aboveground and 373 belowground biomass production (Fig. 1, Table 3 ), which is in line with other European 374 biodiversity experiments (Schmid & Pfisterer 2003 , Spehn et al., 2005 , can be attributed at least 375 in part to differences among plant functional groups in biomass allocation to aboveground and 376 belowground organs. Legumes which often strongly contribute to the positive plant biodiversity-377 aboveground productivity relationship have low belowground productivity. Furthermore, as 378 discussed in more detail in the next section, species interactions leading to reduced biomass 379 allocation to belowground organs relative to aboveground organs also contribute to the 380 differential effect of plant diversity on aboveground and belowground productivity. 381 partitioning to roots? 384 R/S ratios of species grown in monoculture ranged from 0.1-3.4 (see Fig. 1d ). A similar range 385 of R/S ratios was also measured in an investigation including 59 species from the Great Plains 386 grasslands in the USA (Johnson and Biondini 2001). This shows that large interspecific 387 variability of R/S ratios exists in grassland species. In our experiment, R/S ratios were 388 significantly higher in monocultures than in mixtures, whereas R/S ratios in mixtures were not 389 significantly affected by species richness ( Fig. 1d ; F 1,51 = 0.61; P = 0.438). Two mechanisms that 390 may contribute to the reduced R/S ratios in mixtures as compared with monocultures are: (i) 391 dominance of species with low R/S ratio in mixtures, and (ii) interactions among species leading 392 to reduced biomass partitioning to roots. To assess the role of both mechanisms, we calculated 393 the expected R/S ratio with the assumption that biomass partitioning between roots and shoots is 394 not affected by interactions among species. The expected R/S ratio of mixtures was not lower 395 than the average R/S ratio of monocultures (Table 4) indicating that the mixtures were not 396 dominated by species with inherently low R/S ratio. Similar to the study of Hooper (1998), the 397 measured R/S ratios in some mixtures were lower and in other mixtures were higher than 398 expected from the performance in monoculture. However, on average, the measured R/S ratio 399 was lower than the expected R/S ratio (see Table 4 The R/S ratios were lower in mixtures with than in those without legumes (see Table 4 ). Root 411 biomass of legumes is lower than that of grasses and forbs (Gastine et al. 2003) . Our own data 412 also show that in monocultures R/S ratios of legumes are smaller than R/S ratios of non-legumes 413 (Table 2 ). In mixtures containing legumes, R/S ratios were lower than expected from R/S ratios 414 in monocultures of the involved species (see Table 4 In mixtures without legumes, the R/S ratios were also lower than expected, indicating that 425 species interactions leading to modification of biomass partitioning were not confined to 426 mixtures containing legumes. We know of one further study (Wardle and Peltzer 2003) , carried 427 out with potted non-legume grassland species, which also found lower biomass partitioning to 428 roots in mixtures than in monocultures. 429
The R/S ratio of plants is often reduced by environmental conditions that reduce specific 430 shoot activity, e.g. by low light intensity, or that increase specific root activity, e.g. by high soil 431 nutrient content (Brouwer, 1983 , Wilson 1988 
Why is lower than expected biomass partitioning to belowground organs associated with 445
overyielding? 446
Aboveground overyielding in mixtures was negatively correlated with the quotient of 447 measured/expected R/S ratio (see Fig. 2 ). This indicates that species interactions leading to lower 448 than expected biomass partitioning to belowground organs relative to biomass partitioning to 449 aboveground organs were associated with increased productivity of mixtures. Why an alteration 450 of biomass partitioning at the expense of plant organs responsible for acquisition of soil 451 associated with increased productivity? Our suggestion is that in 0-0.3 m soil depth root 453 production was excessive, and thus, species interactions leading to an altered biomass 454 partitioning in favor of aboveground organs increased productivity. From model calculations in 455 which homogenous distribution of actively absorbing roots are assumed, it can be predicted that 456 root length densities > 1 cm root length cm -3 soil are sufficient for complete spatial exploitation 457 of mobile soil resources such as nitrate (Claassen and Steingrobe 1999). At our study site we 458 measured annual root length growth of about 40 cm root length cm -3 soil in 0-0.3 m soil depth. 459
We have no information about the distribution and activity of the roots in the Jena-Experiment, 460 however this high root-length density indicates that there is more root growth than needed for 461 exploitation of soil resources even if their mobility is lower than that of nitrate. Formation of 462 high root-length densities is associated with high competitive ability of plant individuals (Hodge 463 2004). But at the plant community level, any increase of root length density in the range of 40 464 cm cm -3 is not expected to enhance acquisition of soil resources. Under these circumstances, any 465 decrease of biomass partitioning to roots in favor of biomass partitioning to roots should increase 466 productivity, at least when it is assumed that the net cost for tissue maintenance is higher for 467 belowground organs than for aboveground organs which yet in a dense stand make some gross 468 photosynthesis. In a -tragedy of the commons‖ scenario in pot experiments, it has been shown 469 that in soil compartments which are shared by several individual plants, competition among 470 plants may induce excessive root production leading to lower total productivity (Gersani et al. 471
2001). 472
Our analysis of both above-and belowground biomass production and its ratio shows that 473 there can be balancing effects between biodiversity effects related to above-and belowground 474 resource use. Looking only at one side of the biomass production may lead to biased conclusions, 475 because the response of one side to biodiversity can depend on the response of the other side. 476
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